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This paper presents the experimental realization of an ultrafast electron microscope operating at a repetition
rate of 75 MHz based on a single compact resonant microwave cavity operating in dual mode. This elliptical
cavity supports two orthogonal TM110 modes with different resonance frequencies that are driven indepen-
dently. The microwave signals used to drive the two cavity modes are generated from higher harmonics of
the same Ti:Sapphire laser oscillator. Therefore the modes are accurately phase-locked, resulting in periodic
transverse deflection of electrons described by a Lissajous pattern. By sending the periodically deflected beam
through an aperture, ultrashort electron pulses are created at a repetition rate of 75 MHz. Electron pulses
with τ = (750 ± 10) fs pulse duration are created with only (2.4 ± 0.1) W of microwave input power; with
normalized rms emittances of n,x = (2.1 ± 0.2) pm rad and n,y = (1.3 ± 0.2) pm rad for a peak current
of Ip = (0.4 ± 0.1) nA. This corresponds to an rms normalized peak brightness of Bnp,rms = (7 ± 1) × 106
A/m2 sr V, equal to previous measurements for the continuous beam. In addition, the FWHM energy spread
of ∆U = (0.90 ± 0.05) eV is also unaffected by the dual mode cavity. This allows for ultrafast pump-probe
experiments at the same spatial resolution of the original TEM in which a 75 MHz Ti:Sapphire oscillator
can be used for exciting the sample. Moreover, the dual mode cavity can be used as a streak camera or
time-of-flight EELS detector with a dynamic range > 104.
I. INTRODUCTION
Since the introduction of laser-triggered photo-
cathodes in electron microscopy the field of single
shot1 and stroboscopic2 time-resolved electron imag-
ing, diffraction and spectroscopy has resulted in many
new insights in physics, chemistry, biology and mate-
rial science.3,4 In a recent exciting development in which
the flat photo-cathode is replaced by a nano-tip, the
peak brightness of pulsed electron beams has become
similar to values reported for conventional continuous
Schottky field emitters.5,6 The possibility of perform-
ing high-quality electron imaging, diffraction and spec-
troscopy with nanosecond to femtosecond temporal res-
olution causes the ultrafast transmission electron micro-
scope (UTEM) to be one of the most powerful research
tools to study ultrafast dynamics in the nanoscale world.
Notwithstanding some truly impressive results,8,9
there are some drawbacks to photo-emission based
sources. Bulky and expensive amplified laser systems are
needed to create electrons, serious alterations are needed
to the gun and inevitable laser pointing instabilities re-
sult in fluctuations in electron beam current. A promis-
ing alternative to photo-emission based pulsed beams in-
volves chopping a continuous electron beam by the com-
bination of a resonant microwave deflection cavity and a
small aperture.7,10,11 Microwave cavities are specifically
tailored metallic structures, in which oscillating electro-
magnetic fields with high amplitudes can be generated
a)Electronic mail: j.f.m.v.rens@tue.nl
requiring only modest microwave input powers by driv-
ing the cavity at its resonance frequency. For example
the TM110 mode supports an oscillating magnetic field
of amplitude B0, oriented perpendicular to the symmetry
axis of a cylindrical cavity. A beam of electrons passing
through along this axis is transversely deflected at the
resonance frequency of the cavity, as shown in figure 1a.
In combination with a small aperture of diameter s posi-
tioned at a distance l downstream, the beam is chopped
to ultrashort pulses of duration
τ =
γm(s+ w)
4qB0l
, (1)
in which γ the Lorentz factor, m is the electron mass, q
the elementary charge and w the diameter of the electron
beam at the position of the chopping aperture.7 For 200
kV electrons and typical parameters w = s = 10 µm
and l = 10 cm; τ = 100 fs pulses can be created with a
modest magnetic field amplitude of B0 = 3 mT.
The idea of using resonant deflection cavities in elec-
tron microscopy was already researched in the 1970s re-
sulting in picosecond12 and even sub-picosecond13 elec-
tron pulses at GHz repetition rates. After the de-
velopment of advanced laser-microwave synchronization
schemes,14 resonant cavities became relevant for laser-
triggered pump-probe experiments as well. Especially
since the experimental demonstration of a microwave
cavity chopping the electron beam of a commercial 200
kV TEM into 3 GHz electron pulses while fully conserv-
ing the peak brightness of the original beam.7 Synchro-
nized to a mode-locked laser oscillator, this allows ul-
trafast time-resolved electron microscopy at the atomic
resolution of the original microscope, but at much higher
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FIG. 1. (a) Principle of beam chopping. The continuous
beam is swept back and forth over an aperture, creating
electron pulses at two times the resonance frequency. Be-
cause the two pulses create in each microwave period exit
the aperture at slightly different angles, one beam can di-
verted back to the optical axis using standard deflection coils
while the other beam is blocked by the Selected Area (SA)-
aperture downstream. Parameters are defined in section I.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.7 (b) Parametric plot of two signals
x(t) = sinω1t and y(t) = sin (ω2t+ δφ) in which ω1 = 2pi × 3
GHz, ω2 = 2pi× 3.075 GHz and δφ = 0 for t ∈ [0, 13 ns]. The
resulting Lissajous figure describes the transverse shape of a
beam of electrons deflected by a dual mode cavity in which
the orthogonal modes are driven independently by two phase-
locked signals of frequencies f1 = 3 GHz and f2 = 3.075 GHz.
When a small aperture (red circle) is placed in the center of
this Lissajous beam, two beams of ultrashort electron pulses
are created, resulting in a combined repetition rate of 2× 75
MHz. Because the two beams leave the chopping aperture at
slightly different angles, one of them can be redirected to the
optical axis using standard deflection coils, while the other
one is blocked by the SA-aperture downstream. Alternatively
the chopping aperture can be placed slightly off-center such
that only one of the beams goes through, also reducing the
repetition rate to 75 MHz.
average current. Some additional practical advantages of
using microwave deflection cavities for ultrafast electron
microscopy are:
• No need for an amplified fs laser system to create
electron pulses.
• Instant switching between continuous mode and
pulsed mode.
• No fluctuations in electron beam current due to
laser pointing instabilities.
• The delay of the electron pulse with respect to the
laser pulse can be varied by changing the phase of
the microwave signal, hence without affecting laser
alignment.
• Microwave cavities are cheap, robust, reliable, com-
pact and energy-efficient.10
Although laser oscillators with repetition rates upto 10
GHz are commercially available,15 they are not common.
In addition, many laser-triggered processes require relax-
ation times longer than the typical 300 ps pulse separa-
tion in cavity chopped pulsed beams. Ideally one would
like to chop the beam into 70 to 90 MHz pulses, the typi-
cal repetition rate of most commercial Ti:Sapphire oscil-
lators, enabling pump-probe experiments using a regular
Ti:Sapphire oscillator only. This would allow the user to
study processes with relaxation times up to 11-14 ns. Dy-
namic processes requiring longer relaxation times could
be studied using a combination of such a microwave cav-
ity and an electrostatic blanker with a rise and fall time
of few ns. However, because the resonance frequency of
a cavity is inversely proportional to its radius, a 75 MHz
cavity would be far too large to fit in the confined space
of a electron microscope column. Therefore Lassise et al.
proposed designing a cavity that supports two orthogonal
modes with different resonant frequencies.16 By breaking
the cylindrical symmetry using an elliptical (or rectangu-
lar) cavity, the resonance frequencies of these orthogonal
modes can be separated and driven independently. The
on-axis magnetic field of such a cavity aligned along the
z-axis is given by
B = B1 sin (ω1t+ φ1)xˆ+B2 sin (ω2t+ φ2)yˆ. (2)
When the 40th and the 41st harmonics of the same
75 MHz laser oscillator are used to create the differ-
ent microwave signals, yielding resonance frequencies of
ω1 = 2pi× 3 GHz and ω2 = 2pi× 3.075 GHz respectively,
the EM fields in the cavity can be phase-locked to each
other and to the laser light. As a result, electrons prop-
agating through the dual mode cavity are periodically
deflected transversely in the Lissajous pattern of figure
1b. By placing a small aperture in a line of this Lissajous
beam, it is chopped into ultrashort electron pulses at a
repetition rate of 75 MHz allowing pump-probe experi-
ments using a Ti:Sapphire oscillator.
Another important application of sideways deflecting
cavities is to spatially resolve temporal information on
a detector. Such so-called streak cameras are used for
pulse length measurements,17 time-resolved diffraction
studies18 and even time-of-flight Electron Energy Loss
Spectroscopy (ToF-EELS).19 Note that for these appli-
cations the cavity should be placed behind the specimen.
At this point it is worth emphasizing the enormous time
span that is spatially resolved by the Lissajous pattern.
The equation for the temporal resolution of such a streak
camera is identical to equation (1), but with the aperture
diameter s replaced by the pixel size and ws  1 because
the beam would be focused on the screen instead of in
the center of the cavity. If a dual mode cavity is placed
at a distance l = 10 cm from a 3 cm × 3 cm camera
with 2000 × 2000 pixels, a magnetic field of B0 = 3 mT
is enough to project a 100 fs time interval on each pixel.
The dual mode cavity would then be able to temporally
resolve dynamic processes up to 13 ns with 100 fs reso-
lution, corresponding to a huge dynamic range > 104.
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FIG. 2. Schematic top view (left) and side view (right) of the
dual mode cavity. The eccentricity of the elliptical dielectric
material has been exaggerated for clarity.
II. METHODS
Figure 2 shows a schematic top view and side view of
the dual mode cavity. It consists of a circular copper
housing filled with a slightly elliptical piece of dielectric
material ZrTiO4, lifting the x,y-degeneracy. The high
permittivity and low loss tangent of this material sig-
nificantly reduces the diameter and power consumption
of the cavity.10 Furthermore, the cavity contains two an-
tennas to couple in the microwave signals and two metal-
lic tuning stubs to fine-tune the resonance frequencies in
both directions.
Figure 3 schematically shows the microwave setup used
to generate the phase-locked microwave signals. The left-
hand blue dashed box indicates the synchronization sys-
tem, synchronizing the 3 GHz signal from a Voltage Con-
trolled Oscillator (VCO) to the mode-locked laser pulse
train by locking its fifth harmonic to one-eighth of the
VCO signal.14 This reduces the timing jitter between the
laser pulses and the microwave fields in a single mode
cavity to below 100 fs.20 To create the 41st harmonic,
the resulting synchronized 3 GHz signal is mixed with
the 75 MHz frequency component of the laser pulse train
by a single sideband upconverter. This results in a 3.075
GHz signal, phase-locked to the 3 GHz signal and syn-
chronized to the laser pulses. Variable attenuators and
the combination of two 2pi 3 GHz phase shifters offer in-
dependent control of both the amplitude and phase of
each mode in the cavity. Note that laser-triggered elec-
tron sources would need a 2-meters-long retroreflecting
optical delay line of to cover the 13 ns period, leading to
inevitable laser pointing errors.
The cavity is mounted inside a water-cooled copper
structure, of which the temperature is measured with an
NTC sensor and stabilized to 1 mK using a homebuilt
control system. This is necessary to keep the 3 GHz cav-
ity resonance frequency within the 1 MHz control band-
width of the synchronizer. This structure is inserted in
between the C2 aperture (10 µm) and the minicondenser
lens of a modified 200 kV FEI Tecnai TF20, together
with a pair of additional deflection coils and a chopping
aperture.7 The C2 lens is used to create a crossover in the
center of the cavity to eliminate emittance growth, while
the minicondenser lens is used to set the illuminated field
of view. Standard TEM deflection coils behind the chop-
ping aperture are used to counteract the acquired trans-
verse velocity component due to deflection by the cavity.
The SA-aperture is used to block out the second beam,
see also the caption of figure 1.
III. RESULTS
To visualize the entire Lissajous pattern, we start at
low magnification and low microwave input powers in
both cavity modes. The beam is focused onto the fluo-
rescent screen by the C2-lens, resulting in the Lissajous
pattern of figure 4. The fact that the individual lines are
distinguishable shows that both modes of the dual mode
cavity are phase-locked properly. Changing the phase
difference between the two modes results in a change of
the Lissajous figure.
Then a 10 µm chopping aperture is inserted, creating
a pulsed electron beam. The C2-lens is used to create
a crossover in the center of the cavity and the minicon-
denser lens is used to focus the beam onto the fluorescent
screen again. By measuring the decrease in total counts
per second on the camera, the pulse length can be de-
termined for varying microwave input power. First, both
modes are characterized independently by driving them
one at a time. This results in figure 5a. Both modes show
the expected τ ∝ 1/B ∝ 1/√P behaviour.7 Note a pulse
length of τ = (630 ± 10) fs only requires (3.7 ± 0.1) W
of microwave input power. The decrease in pulse length
with respect to previous measurements7 is explained by
using smaller apertures.11
Then, both orthogonal modes are driven simultane-
ously to reduce the repetition rate to 75 MHz. Figure 5b
shows an image of the pulsed beam focused onto the de-
tector in which the 40th and 41st harmonics are driven at
(1.3± 0.1) W and (1.1± 0.1) W respectively. According
to the fit in figure 5a, the total input power of (2.4±0.1)
W results in a pulse length of τ = (750 ± 10) fs. The
rms size of the focused spot is σx = (1.3± 0.1) nm times
σy = (0.8 ± 0.1) nm. The slight asymmetry is present
in continuous mode as well and is caused by aberrations.
Subsequently the semi-divergence angle is measured in
diffraction mode for the same illumination settings, by
comparing the diameter of the Ronchigram to the diam-
eter of the first Bragg ring of the diffraction pattern of
a gold specimen. This results in a semi-divergence angle
of α = (3.3 ± 0.1) mrad, corresponding to an rms value
of σx′ = σy′ = (1.7 ± 0.1) mrad for a uniform distribu-
tion. For a focused beam the rms normalized transverse
emittance in the j = x, y-direction can be determined via
n,j = βγσjσj′ , with j = x, y, (3)
in which β = v/c is the velocity of the electrons v normal-
ized to the speed of light c. Substituting the measured
values for σx, σy and σx′ = σy′ yields the rms normal-
ized emittance in both directions: n,x = (2.1 ± 0.2) pm
rad and n,y = (1.3± 0.2) pm rad. These measurements
were performed at a peak current of Ip = (0.4± 0.1) nA,
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FIG. 3. Schematic microwave setup for the dual mode cavity. The 3 GHz signal from a Voltage Controlled Oscillator (VCO)
is synchronized to the broadband signal of a Ti:Sapphire laser. Subsequently the synchronized 3 GHz signal is upconverted to
3.075 GHz by mixing it with the 75 MHz component of the laser.
FIG. 4. Experimental demonstration of the Lissajous pattern
on the fluorescent screen inside the TEM.
i.e. the time-averaged current for the unchopped beam.
These measurements allow us to calculate the rms nor-
malized (or reduced) peak brightness
Bnp,rms =
q
mc2
Ip
4pi2n,xn,y
=
1
V ∗
Ip
2pi2α2σxσy
, (4)
in which V ∗ = (1/2+γ/2)V is the acceleration voltage V
multiplied by a relativistic correction term.7 The practi-
cal reduced peak brightness as introduced by Bronsgeest
et al.21 is then given by Bpract = Bnp,rms/ ln 2.
11 Substi-
tuting the measured values in equation (4) results in an
rms normalized peak brightness of Bnp,rms = (7±1)×106
A/m2 sr V. Note that this value presents a lower limit,
because the spot size is limited by abberations. A com-
parison to previously measured values for a continuous
beam (Bnp,rms = 7.5 × 106 A/m2 sr V) and a 3 GHz
chopped beam (Bnp,rms = 6.6× 106 A/m2 sr V)7 results
in the conclusion that the dual mode cavity fully con-
serves peak brightness. In addition figure 5c shows the
energy spectrum of the 75 MHz electron pulses. The full
width at half maximum energy spread obtained from a
pseudo-Voigt fit is ∆U = (0.90±0.05) eV, which is equal
to the energy spread of the continuous beam as well.7
IV. CONCLUSION
We have demonstrated the operation of a dual mode
deflection cavity inside a commercial transmission elec-
tron microscope to create a beam of ultrashort electron
pulses with conservation of peak brightness and energy
spread. Sub-picosecond electron pulses are created at
a repetition rate of 75 MHz and are synchronized to a
Ti:Sapphire oscillator. Furthermore, we have measured
rms normalized transverse emittances of n,x = (2.1±0.2)
pm rad and n,y = (1.3 ± 0.2) pm rad, for a peak cur-
rent of Ip = (0.4 ± 0.1) nA. This results in a rms nor-
malized peak brightness of Brms = (7 ± 1) × 106 A/m2
sr V, demonstrating that deflecting electrons using mul-
tiple modes in a microwave cavity does not affect the
peak brightness of the beam. Also the energy spread
∆U = (0.90 ± 0.05) eV is unaffected by the dual mode
cavity. This allows for atomic spatial resolution and sub-
ps temporal resolution pump-probe experiments in which
a standard Ti:Sapphire oscillator can be used to excite
dynamic processes.
In addition, the experimental demonstration of the Lis-
sajous beam, shows that the dual mode cavity can be
used as a streak camera that can resolve temporal dif-
ferences up to 13 ns with sub-ps resolution, correspond-
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FIG. 5. (a) Pulse length as a function of microwave power in the cavity (single mode). The open circles represent the 3 GHz
signal, the solid circles represent the 3.075 GHz signal. The red curve is a 1/
√
P fit, calculated for both signals. (b) Image of
the 75 MHz pulsed beam focused on the detector for a peak current of Ip = (0.4± 0.1) nA. The rms size of the focused spot is
σx = (1.3 ± 0.1) nm times σy = (0.8 ± 0.1) nm. (c) Measurement of the energy spread of the beam. The solid red curve is a
pseudo-Voigt fit with a full width at half maximum of ∆U = (0.90± 0.05) eV.
ing to a dynamic range > 104. As a final remark, this
demonstration of controlling the motion of electrons by
driving multiple modes in a single cavity, opens the door
to even more advanced pulsed beam manipulation us-
ing microwave cavities. For example, a microwave cav-
ity that supports multiple higher harmonics of the same
mode, could extend the linear regime of the cavity elec-
tromagnetic fields, allowing better temporal compression
or higher energy resolution in TM010 mode cavity based
time-of-flight EELS setups.22
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